Abstract: Soluble starch synthases (SSs) are major enzymes involved in starch biosynthesis in plants. Cassava starch has many remarkablecharacteristics,whichshouldbeinfluencedbytheevolutionofSSgenesinthisstarchyrootcrop.Inthiswork,weperformed acomprehensivephylogeneticandevolutionaryanalysisofthesolublestarchsynthasesincassava.Genome-wideidentificationshowed thatthereare9genesencodingsolublestarchsynthasesincassava.Allofthesolublestarchsynthasesencodedbythesegenescontain bothGlyco_transf_5andGlycos_transf_1domains,andacorrelationanalysisshowedevidenceofcoevolutionbetweenthese2domains in cassava SS genes. The SSgenesinlandplantscanbedividedinto6subfamiliesthatwereformedbeforetheoriginofseedplants,and species-specificexpansionhascontributedtotheevolutionofthisfamilyincassava.Afunctionaldivergenceanalysisforthisfamily providedstatisticalevidenceforshiftedevolutionaryratesbetweenthesubfamiliesoflandplantsolublestarchsynthases.Althoughthe main selective pressure acting on land plant SSgeneswaspurifyingselection,ourresultsalsorevealedthatpointmutationwithpositive selectioncontributedtotheevolutionof2SSgenesincassava.Theremarkablecassavastarchcharacteristicsmightbetheresultofboth theduplicationandadaptiveselectionofSS genes.
Introduction
Cassava (Manihot esculenta Crantz) is a starchcontainingrootcropthatisusedasfoodforhumans and animals and also for nonfood products. More than70%ofcassavaproductionoccursinthesub-tropical and tropical regions between 30 degrees North and 30 degrees South of Africa, Latin America, and Asia by small-scale farmers. 1 The cropis widely grownasastaplefood and animal feed in these regions, with a total cultivated area over 18 million ha. 2, 3 Cassava produces a high amountofstarch,withlevelsofupto90%ofthe totalstoragerootdryweight.Thecharacteristicsof high starch production and the unique properties of its starch render cassava suitable for particular foodandnonfoodapplications. [1] [2] [3] However, little is known to date about the molecular mechanism of starch synthesis in cassava.
In higher plants, starch biosynthesis occurs in plastids and requires the cooperation of a series of biosynthetic enzymes, including ADP-Glc pyrophosphorylase (AGPase), starch synthase (SS), starch branching enzyme (BE), debranching enzyme (DBE),andplastidialstarchphosphorylase(Pho1). 4, 5 Amongthem,SSfunctionsintheelongationoflinear glucan chains by catalyzing the transfer of the glucosylunitofADP-Glctothenonreducingendof aglucanchain.ThevariousisoformsofSSenzymes that have been identified in cereal endosperm thus farareGBSS,SSI,SSII,SSIII,andSSIV.GBSSis essential for amylose synthesis and is exclusively bound to the starch granule. However, other members ofsolublestarchsynthasesareresponsibleforamylopectin chain elongation, with distribution between thegranularandsolublefractions. 6 In addition, each classofSS genes plays a distinct role in the synthesis ofamylopectin.
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The 2 particular Rossmann fold domains in SS andGBSSproteinsdistinguishedinthePfamdatabase are Glycos_transf_1 (PF00534; GT_1) and Glyco_transf_5(PF08323;GT_5), 8 and the presence of these 2 domains can be used to identify members of the SS protein family. Proteins containing Glycos_transf_1functioninthetransferofactivated sugars to a variety of substrates, including glycogen, fructose-6-phosphate,andlipopolysaccharides, 9 whereastheGlyco_transf_5domainisthecatalytic domainofstarchsynthasesthatuseADP-glucoseas the glucose donor. 10 Cassava, a starchy root crop grown in tropical and subtropicalclimates,isthesixthmostimportantcrop intheworldafterwheat,rice,maize,potato,and barley. Cassava starch has many remarkable characteristics, such as a high paste viscosity, high paste clarity, and highfreeze-thawstability,whichareadvantageousfor many industries. 11 The SSgene familyplays crucial rolesinthebiosynthesisofstarch,andthestructural featuresandphysiologicalfunctionshavebeenwell described in cereals; in contrast, there is much less informationaboutthisfamilyincassava.Therelease oftheentirecassavagenomesequenceprovidesthe opportunity to investigate cassava SS genes on a genomicscale.Inthisstudy,weidentifiedthemembers of the SS gene family in cassava. In addition, a comprehensive phylogenetic analysis of cassava SS genes was performed, including the phylogeny, gene structure, functional divergence, and adaptive evolution.Theresultsofourbioinformaticanalyses will provide the foundation for further functional detectionofSS genes in cassava.
Material and Methods

Sequence collection
We performed multiple database searches to collect thepotentialmembersoftheSSgenefamilyinland plants. The nucleotide and corresponding amino acid sequencesofriceSS genes 12 wereobtainedfromthe databaseofRiceGenomeAnnotationProject(RGAP, http://rice.plantbiology.msu.edu/), and the sequences of published Arabidopsis SS genes 13 were acquired from the TAIR database (http://www.arabidopsis. org/).ThesequencesofboththeArabidopsis and rice SS genes were used as queries to search land plants genes in Phytozome v9.1 (http://www.phytozome. net/). In addition, Basic Local Alignment Search Tool(BLAST)searcheswerealsoperformedagainst thedatabaseofDOEJointGenomeInstitute(http:// www.jgi.doe.gov/).ThePfamtoolwasusedtodetect the conserved Glycos_transf_1 and Glyco_transf_5 domains. The exon/intron structures of the selected SSgeneswerecollectedfromthedatabasesofPhytozome,TAIRandRGAPanddisplayedwiththehelp of Gene Structure Display Server (http://gsds.cbi. pku.edu.cn/).
Phylogenetic analyses
Multiple sequence alignments of the protein sequencesselectedinthisworkwereperformedusing Clustal X; 14 gaps and ambiguously aligned regions were removed manually. The most appropriate proteinsubstitutionmatrix,rateheterogeneityandinvariantsitesweredeterminedusingModelGenerator 15 for land plant SS proteins. The phylogenetic analyses wereperformedwithamaximumlikelihoodmethod usingphylogeneticestimationusingmaximumlikelihood(PhyML) 16 andaneighbor-joining(NJ)distance method using MEGA 5. 17 The maximum likelihood (ML)phylogeneticanalyseswereconductedwiththe followingparameters:JTTmodel,estimatedproportion of invariable sites, 4 rate categories, estimated gamma distribution parameter, and optimized starting BIONJtree.TheJTTmodelwasalsoemployedfor theconstructionofNJtrees.Bootstrapsupportvalues were estimated using 100 pseudoreplicates, and the defaultsettingswereusedforalltheotherparameters in the analyses. The branch lengths and topology were displayedusingNJphylogenetictree.
Analysis of functional divergence
To investigate the functional divergence between subfamilies of land plant SS genes, the software DIVERGE2 18 wasemployedtoestimatethecoefficientoftypeIfunctionaldivergenceθ I ,the coefficient of type II functional divergence θ II , and the likelihoodratiotests(LRTs)statisticsbetweenany2sub-families.Type I functional divergence refers to the shifts in the evolutionary rate after duplication and istheindicatorofchangesinfunctionalconstrains; typeIIfunctionaldivergenceistheresultofclusterspecific alterations of amino acid physiochemical properties.
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Detection of positive selection
The approaches of Yang and coworkers 21, 22 were used to test for positive selection of the SS gene subfamilies. The transformation of the sequence alignmentofproteinsintothecorrespondingcodonbased nucleotide alignment was performed by the onlineprogramPAL2NAL. 23 The codeml program in PAML4.5 24 was then used to calculate the d N /d S ratio using the nucleotide alignment and corresponding phylogenetic tree as inputs. We detected variation in 26 was used to calculate the posterior probability that each site was subject to positive selection.
Coevolution analysis of 2 conserved domains
Totestthepossibilityofthecoevolutionbetween2 domainsofSSproteinsincassava,Goh's 27 method was used to perform the correlation analysis on everypossibledomain-domainpair.Thesequences oftheGlycos_transf_1andGlyco_transf_5domains wereinterceptedfromcassavaSSproteinsbasedon the results of domain identification.The sequence alignmentsofbothdomainswereperformedusing CLUSTAL X 14 with the default parameters, and pairwiseevolutionarydistancesforthese2multiple alignments were calculated using MEGA 5. 17 The linearPearson'scorrelationcoefficient(r) between thedistancematricesofthese2conserveddomains was calculated. Coevolution is inferred when r is significantly different from zero: a statistically positive value of r indicates a positive correlation between 2 domains, a value near zero indicates no correlation, and a statistically negative value of r suggests anticorrelation. 27 The statistical significance of the computed r value was tested by a bootstrappinganalysis,yieldinganestimateofthe standarddeviationofrgiventhesizeofourdatasetandanestimationoftheprobabilityofobtaining the observed value of r by chance (P value). This method had been comprehensively illustrated in previous studies. 27, 28 Thesimulationforthestatistical significance of the computed r value was performedusingMatlabsoftware.
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Results and Discussion
Soluble starch synthase genes in cassava
The identification of the members of soluble starch synthasegenesincassavawasperformedin3steps. The first step involved obtaining of the nucleotide andaminoacidsequencesof10knownSS genes in Arabidopsis and rice from the databases of TAIR and RGAP, respectively. The second step aimed at a complete search for putative SS proteins in cassava and was performed by local BLAST searches using the Arabidopsis and rice SS genes as queries in cassava databases, which were downloaded from Phytozomev9.1.Asthelaststep,eachpredictedSS proteinsequencewasconfirmedbyaPfamsearchfor the conserved Glycos_transf_1 and Glyco_transf_5 domains. After carefully surveying the cassava genome, 9 genes were defined as cassava SS genes (Table1).ThelengthofSSproteinsincassavaranged from 565 to 1146 amino acids, and each contained bothaGlycos_transf_1andaGlyco_transf_5domain intheirC-terminalregion.Inaddition,wealsonoted that the proteins MeSSIII-1 and MeSSIII-2 contain 3CBM_25domains(PF03423.8)intheirN-termini. The CBM_25 domain belongs to the carbohydratebinding module family and has the ability to bind alpha-gluco-oligosaccharides, 29 suggesting that these 2 starch synthases possess carbohydrate-binding activity.
Coevolution between the glycos_ transf_1 and glyco_transf_5 domains
According to the assumption that 2 domains must act synergistically for proper function to be present in a single protein, evolutionary changes in the sequence in 1 of these domains would cause either counterselection or redeeming alterations in the other domain. 30 Basedontheidentificationofdomainstructure, each SS protein encoded by the cassava genome containedatleast2evolutionarilyconserveddomains: the Glycos_transf_1 and Glyco_transf_5 domains. Therefore, these domains might have coevolved in cassava SS proteins. To test this assumption, a correlation analysis was used to evaluate the statistical significanceofcoevolutionbetweentheGlycos_transf_1 and Glyco_transf_5 domains. The correlation coefficient between the evolutionary distances of these 2 domains was 0.8830. The value was significantly greater than 0 at the level of P , 0.01 indicating that highly correlated coevolution between them had occurredduringtheevolutionofcassava.Inaddition, wealsotestedthecorrelationcoefficientof2domains in all land plant SSgenesidentifiedinthisanalysis, andtheestimatedvaluewas0.9361.Someresearchersalsorecommendedanuppercutoffof0.8forcor-relation coefficients for the coevolution of domains in a single protein, 27 and the correlation coefficient of these 2 conserved domains was also higher than 0.8. These results provide evidence for coevolution between the Glycos_transf_1 and Glyco_transf_5 domains, and the possible coevolution between them suggeststheinterplayofthesedomainsandinteractionwithaputativepartnerorputativepartnersforSS proteinfunction.
Phylogenetic relationship of SS genes
Toevaluatethephylogeneticrelationshipofthecassava genes encoding soluble starch synthases, we characterized the SS genes from species that represent the main lineages of the land plants, including the moss Physcomitrella patens, the lycophyte Selaginella moellendorffii, and 3 monocot and 3 eudicot angiosperms (Supplementary Table1).Two combined phylogenetic trees were constructed using theproteinsequencealignmentwiththeMLandNJ methods (Fig. 1) . Both of these 2 trees showed the sametopology:allthemembersofthisfamilyinland plantswereclusteredinto6subfamilies,withwellsupported bootstrapping values. All 6 subfamilies containgenesfrombothseedplantsandmossesand/ or lycophytes, suggesting that the main characteristic ofthisfamilyinlandplantswasestablishedbefore theoriginofseedplants.WealsonotedthatthesubfamilySSVonlycontainedthegenesfromdicotsand S. moellendorffii, illustrating that this group originated prior to the origin of lycophytes and that its partner was lost in monocots. In addition, there is no orthologous gene in Arabidopsis, also suggesting a gene loss event in this model plant.We also found thatthesubfamilySSIIIdidnotcontaingenesfrom P. patens. We also noted that the SS genes in seed plantswereclusteredtogetherinallsubfamiliesand showeddistinctevolutionarydistancefromthosein nonseedplants,highlightingthedifferencesbetween these groups. The lineage-specific expansion of gene families played an important role in the growth and differentiation of the proteomes of multicellular eukaryotes. 31 Forexample,ithasbeendemonstrated thatupto80%ofthegenesinthegenomeofArabi-dopsisfittheresultsoflineage-specificexpansion. 32 Threepairsofcassavaparalogousgeneswereidentifiedontheterminalnodeofthephylogenetictree, illustrating the lineage-specific expansion of this family in cassava after the split with other dicots. Theincreaseinthemembersofagenefamilyisthe result of gene duplication, which is important for thegenerationofnewgeneticmaterial.Inaddition, duplicationmayalsoaffectphenotypebychanging the gene dosage. Thus, 3 duplicated events of SS genesmaycontributetothecharacteristicofstarch biosynthesis in cassava. Three principal evolutionarymechanismsareconfirmedtocontributetogene duplications: segmental duplication, tandem duplication, and transposition events, such as retroposition and replicative transposition. 33 However, none ofthe3pairsofparalogswaslocatedinthesame scaffold,suggestingthattandemduplicationdidnot contributetotheexpansionofcassavaSS genes. In addition, we also found that all 6 of these genes possessed many introns in the coding regions, illustrating that retroposition was not a contributor to theexpansionofthisfamilybecausethelackofan intronisamaincharacteristicofduplicationviaretroposition. 33 Therefore,segmentalduplicationmight have contributed to the origin of these paralogous genes. The genes MeGBSS-2 and MeSSIII-2 were locatedin2shortscaffolds,anditwasdifficultto detectconservedgenesamongtheflankingregions with their paralogous partner. However, there were highlyconservedgenesamongtheflankingregions for1pairofparalogousgenes,MeSSII-1/MeSSII-2, suggestingthatthisduplicatedpairarosefromsegmental duplication events.
Exon-intron evolution of the SS gene family
Theexon/intronstructurecanalsoprovideimportant evidence to support phylogenetic relationships in a genefamily. 30 Toinvestigatethemechanismsofthe structural evolution of SS homologs, we compared theexon-intronstructureofindividualSS genes in the tested land plant species. Figure1providesadetailed illustrationofthedistributionandpositionofintrons within each of the SS genes. In general, the positionsofthespliceosomalintronsareconservedinthe orthologous genes from the 6 subfamilies. In many cases, the intron phase is conserved as well in addition to a shared intron position, though the lengths oftheintronsatthesamepositionindifferentgenes differgreatly.ThegenesinsubfamilySSIgenerally contain13or14introns,exceptforthemembersof P. patens, which do not possess any intron in the coding regions. To test whether P. patens gained or lost the introns during evolution, we compared them with those in Chlamydomonas reinhardtii. The phylogeny assigned the C. reinhardtii SS genes into 5subfamilies,andonlythesubfamilySSIVdidnot contain C. reinhardtii genes (Supplementary Fig.1 ). The genome of C. reinhardtii contained 2 genes of subfamily SSI, which possessed 10 and 16 introns, respectively.Thepositionsandphasesofmostintrons in CrSSI-1 and CrSSI-2 genes showed conservation with those in land plant genes. These results revealed that the P. patensgenesinsubfamilySSIhadlostthe intronsduringevolution.MostSS genes in the same subfamilyexhibitsimilarexon/intronstructureinthe codingregions,furtherillustratingthattheyoriginated fromthesameancestorandsharedacloseevolutionaryrelationship.However,themembersof different subfamilies show large differences in their exon/ intron structures. Such divergence in gene structures revealed that the SSgenesubfamiliesinlandplants hadmultipleoriginsofgeneancestry.
Although the exon/intron structures were generallyconservedamongthemembersofa subfamily, some intron loss or gain events were also found in the long evolutionary period of this family. For example, PtGBSS-1 was found to gain an intron in the 3′ region, whereas SbSSIIIb lost an intron in the 5′ region. It has been demonstrated that intron loss or gain is an important step in generating structural diversityandcomplexity, 34 and the structural diversityofgenefamilymembersprovidesamechanism fortheevolutionofgenefamilies.However,thegenes incassavahavenoobviousevidenceofintrongain and loss events when compared with their orthologs in other dicots.
Functional divergence between subfamilies
In our phylogenetic analysis, the land plant SS genes were broadly grouped into 6 subfamilies, and each subfamilywasfoundtohaveoriginatedfromasingle gene.Toevaluatethepotentialfunctionaldivergence between subfamilies, type I and type II functional divergencebetweenthesubfamiliesoftheplantSS genes were estimated by a posterior analysis using DIVERGE 2. 18 This method is based on maximum likelihoodprocedurestoestimatesignificantchanges in the site-specific shift of the evolutionary rate (typeIfunctionaldivergence)orsite-specificshiftof aminoacidproperties(typeII)aftertheemergenceof atleast2subfamilies. 19, 20 Because this method uses aminoacidsequences,oneofitsadvantagesisthat it is not sensitive to the saturation of synonymous sites. 35 ThecollectedplantSSproteinswereusedfor this analysis, and the estimation was based on multiple alignments of proteins for any 2 subfamilies. TheresultsshowedthatalltheestimationsoftypeI coefficients(θ I )offunctionaldivergencewerestatisticallygreaterthanzero,whereasnoneofthetypeII coefficients (θ II ) was significantly greater than zero (P .0.05)(Table2).Anotherfeatureofthisanalysis wasthattheestimatesofθ I were much larger than the estimates of θ II . These results suggested that type I functional divergence was the dominant pattern for the differentiation between any 2 SS subfamilies and that significantly site-specific selective forces should contribute to most of the SS genes, leading to subfamily-specific functional evolution after diversification.
The crucial amino acids for type I functional divergencewerealsopredictedbasedonsite-specific profiles in combination with suitable cutoff values derivedfromtheposteriorprobabilityofeachcomparison. Among a total of 422 aligned sites, most (.80%) had low posterior probabilities (,0.3). To comprehensively reduce positive false, Q k . 0.80 (Q k , posterior probability) and Q k .0.95wereempir-icallyusedascutoffstoidentifythetypeIfunctional divergence-relatedresiduesbetweensubfamilies.For any2subfamilies,therewasatleast1sitethathada posteriorprobabilityhigherthan0.80,andmostpairs of groups had at least 1 site with a posterior probabilityhigherthan0.95,exceptforthepairsSSI/SSV, SSIII/SSV, and SSIV/SSV. Using the SSI/SSII pair asanexample,therewere5acidicsitesobtainedfor type I functional divergence, with a posterior probability higher than 0.95 ( Supplementary Fig. 2 ). (Supplementary Fig. 3) . Positively selected site 52 is located in the Glyco_ transf_5domain;thissiteencodesGlyinmostother SSI subfamily genes, whereas it is a Phe in MeSSI. The other positively selected site in MeSSIissite320, whichislocatedintheGlycos_transf_1domain.This siteencodesaMetinMeSSI, whereas the amino acid encodedbythissiteisAsporGluinothermembers of this subfamily. The MeGBSS-1 gene has 2 sites influenced by positive selection, with only 1 havingaposteriorprobabilityhigherthan95%(Supplementary Fig.4) .OnesiteencodesArginMeGBSS-1, whereasitisSerorNAsninothermembersofthe GBSS subfamily. Positive selection pressure resultinginthedirectionalchangeofaminoacidsisoften the underlying mechanism of enzyme neofunctionalization. 38 Indeed,thepersistenceofpositiveselection in the MeSSI and MeGBSS-1genescouldinvolve a role in the adaptation to local environments or in functionalinnovationincassava.
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